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The schizophrenia-associated protein DISC1 regulates several steps in neurogenesis. In a recent study
published in Neuron, Singh et al. showed how DISC1 and its interacting partner Dixdc1 regulate cell
proliferation and cell migration in different manners during embryonic neurogenesis.Schizophrenia is a debilitating psychiatric
disorder with a worldwide lifetime risk
of approximately 1%. It is thought to be
caused by a combination of genetic
factors and environmental insults (Chubb
et al., 2008; Jaaro-Peled et al., 2009).
There are several promising susceptibility
genes for schizophrenia, including NRG1,
DTNBP1, and DISC1. The dissection of
pathways centered around these suscep-
tibility genes will help us to better under-
stand the pathogenesis of schizophrenia.
DISC1 was originally identified as a can-
didate susceptibility gene for major psy-
chiatric disorders based on studies of a
chromosomal translocation found in a
large Scottish family with a high frequency
of schizophrenia, bipolar disorder, and
major depression (Chubb et al., 2008;
Jaaro-Peled et al., 2009). Recent studies
have provided some biochemical evi-
dence regarding the function of DISC1,
and several groups have isolated DISC1-
interacting proteins, including Ndel1,
Lis1, PDE4B, Kinesin-1, Grb2, Fez1, Gir-
din, and GSK-3b (Enomoto et al., 2009;
Kamiya et al., 2005; Kim et al., 2009;
Mao et al., 2009; Millar et al., 2005; Taya
et al., 2007) (Figure 1A). DISC1 appears
to play multiple roles in progenitor cell
proliferation, neuronal migration, and
axon/dendrite formation through its inter-
actions with different partners.
During embryonic neocortical develop-
ment, DISC1 positively regulates neuronal
migration through theNdel1/Lis1 complex
via interactions with dynein, amicrotubule
minus-end-directed motor (Kamiya et al.,
2005). In the postnatal hippocampus,
DISC1 appears to negatively regulate the
migration of newly generated granule cells
by cooperating with Girdin, an actin-
binding protein (Enomoto et al., 2009;Kim et al., 2009). Girdin serves as an Akt
substrate and stabilizes actin stress fibers
to prevent cell migration. Upon phosphor-
ylation of Girdin by Akt, Girdin seems to
dissociate from actin stress fibers and
promote cell migration (Enomoto et al.,
2009). Because DISC1 is required for the
proper localization of Girdin in neurons,
impairments in DISC1 or Girdin lead to
the overmigration of newborn neurons.
DISC1 also interacts with Kinesin-1, a
microtubule plus-end-directed motor,
and serves as a cargo adaptor for Ndel1/
Lis1 and Grb2 transport, thereby enabling
axon elongation (Taya et al., 2007). In
addition, DISC1 enhances Wnt/b-cate-
nin-dependent neural progenitor prolifer-
ation (Mao et al., 2009). Within this
pathway, DISC1 binds and inhibits
GSK-3b, thereby inducing b-catenin/
TCF/LEF-dependent gene transcription.
Thus, previous studies have shown that
DISC1 regulates multiple steps in neuro-
genesis, including cell proliferation, cell
migration, and axon/dendrite formation.
How DISC1 switches between its roles in
cell proliferation and cell migration during
neurogenesis, however, is not fully under-
stood.
In a recently published study in Neuron,
Singh et al. discovered a novel DISC1-in-
teractiong protein, Dixdc1, and charac-
terized it as a regulator of the DISC1
complex (Singh et al., 2010). Dixdc1,
also called Ccd1, possesses a Dishev-
elled-Axin (DIX) domain and functions as
a positive regulator of the Wnt/b-catenin
pathway (Shiomi et al., 2003). In the Singh
et al. study, the C terminus of DISC1
bound to the region between the calponin
homology domain and the coiled-coil
domain of Dixdc1, and knockdown of
Dixdc1 in the mouse embryonic neo-Developmental Ccortex resulted in a significant reduction
in neural progenitor cell proliferation. In
turn, this reduction led to cell cycle exit
and accelerated neuronal differentiation,
which has also been described after
DISC1 knockdown. The effects of Dixdc1
and DISC1 knockdown on progenitor cell
proliferation were rescued by overexpres-
sion of the reciprocal gene. Furthermore,
knockdown of Dixdc1 or DISC1 led to a
reduction in Wnt3a-induced TCF/LEF
reporter activity. Once again, overexpres-
sion of the reciprocal gene rescued this
phenotype. Interestingly, overexpression
of a Dixdc1 fragment that inhibits the
interaction of Dixdc1 with DISC1 pre-
vented Wnt3a-induced TCF/LEF reporter
activity. Based on these results, the
authors concluded that Dixdc1 and
DISC1 coregulate progenitor cell prolifer-
ation through the Wnt/b-catenin pathway
(Figure 1B).
In addition, both Dixdc1 and DISC1
were shown to regulate neuronal migra-
tion, because knockdown of Dixdc1 or
DISC1 inhibited it. In contrast to theeffects
on progenitor cell proliferation, these
knockdownphenotypeswere not rescued
by overexpression of the reciprocal gene
or by expression of degradation-resistant
b-catenin, suggesting that Dixdc1 and
DISC1 regulate neuronal migration
through a pathway independent of Wnt/
b-catenin signaling. Singh et al. also found
that Ndel1 interacts with Dixdc1 and
DISC1 both in vitro and in vivo. Impor-
tantly, phosphorylation of Dixdc1 at
Serine250 by Cdk5 was required for the
interaction of Dixdc1 with Ndel1, but not
withDISC1, in vitro. The authors proposed
that the Cdk5-mediated phosphorylation
of Dixdc1 switches the involvement of
DISC1 in progenitor cell proliferationell 19, July 20, 2010 ª2010 Elsevier Inc. 7
Figure 1. Regulation of Neurogenesis by DISC1 and Its Interacting
Proteins
(A) Domain structure of DISC1. Blue and green indicate the globular domain and
coiled-coil domain, respectively. DISC1 interacts with many partner proteins
suchasGSK-3b, Girdin, PDE4B,Kinesin-1, Fez1,Grb2, Lis1, Ndel1, andDixdc1.
(B) DISC1 regulates multiple steps in neurogenesis. Nonphosphorylated Dixdc1
can interact with DISC1, but not Ndel1. This DISC1/Dixdc1 complex inhibits
GSK-3b-dependentdegradationofb-cateninandpromotesprogenitorcellprolif-
eration. In postmitotic neurons, Cdk5-phosphorylated Dixdc1 can bind Ndel1.
The DISC1/Dixdc1/Ndel1 tripartite complex regulates neuronal migration. VZ,
ventricular zone; IZ, intermediate zone; CP, cortical plate.
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Previewsto neuronal migration by pro-
moting the interaction be-
tween the DISC1/Dixdc1
complex and Ndel1
(Figure 1B).
This new study by Singh
et al. also raises many inter-
esting questions for future
study. First, it is unknown
whether Dixdc1 affects the
interaction of DISC1 with
other partners such as Lis1
and Grb2. Given that some
DISC1-interacting proteins
such as Ndel1, Lis1, Grb2,
and Dixdc1 share a similar
binding region upon DISC1,
the binding and phosphoryla-
tion of Dixdc1 may affect the
interaction of DISC1 with
these other partners. Indeed,
it will be interesting to see
how the phosphorylation of
Dixdc1 leads to the confor-
mational changes that regu-
late DISC1 partner interac-
tions. It will also be important
to extend the in vivo studies,
to examine the precise role
of DISC1 and Dixdc1 in Wnt/
b-catenin signaling and to
fully validate the phosphoryla-
tion of Dixdc1 Serine250 by
Cdk5. It is well known that
Cdk5 phosphorylates Ndel1
and that this phosphorylation
event is important for neu-
ronal migration. The effect of
Cdk5-dependent phosphory-
lation of Ndel1 on the DISC1
complex, however, remains
to be determined. Finally, pre-
cise analysis using DISC1
knockout mice is needed to
further understand the func-
tion of DISC1 in vivo. Given
that neurogenesis and brain
development are only slightly
affected or even unaffected
in transgenic mice expressing
the dominant-negative mu-
tant of DISC1 and in mutant
mice defective in DISC1
expression (Chubb et al.,8 Developmental Cell 19, July 20, 2010 ª2010 Elsevier Inc.2008), it may be useful to
compare phenotypes be-
tween transient knockdown
and stable knockout experi-
ments. A combination of
in vitro biochemical analysis
and in vivo experiments using
DISC1 knockout mice may
give us a better under-
standing of the etiology of
schizophrenia.REFERENCES
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